MADS-box genes encode transcription factors that are involved in plant development control (particularly in floral organogenesis) and signal transduction pathways, though a comprehensive analysis of MADS-box family proteins in Chinese jujube (Ziziphus jujuba Mill.) is still missing. Here, we report a genome-wide analysis of the MADS-box gene family in Chinese jujube. Based on phylogenetic analyses, 52 jujube MADS-box genes were classified into 25 MIKC C -type, 3 MIKC * -type, 16 Mα, 5 Mβ and 3 Mγ genes. 37 genes were randomly distributed across all 12 putative chromosomes. We found that the type II genes are more complex than the type I genes and that tandem duplications have occurred in three groups of MADS-box genes. Meanwhile, some gene pairs in the same clade displayed similar or distinct expression profiles, suggesting possible functional redundancy or divergence. MIKC C -type genes exhibited typical temporal and spatial expression patterns in the four whorls of floral tissues. The expressions of B, C/D and E-type genes were significantly suppressed in phyllody as compared to flower, providing valuable evidence for their involvement in flower development. This study is the first comprehensive analysis of the MADS-box family in jujube, and provides valuable information for elucidating molecular regulation mechanism of jujube flower development.
Chinese jujube (Ziziphus jujuba Mill.) is one of the most economically important fruit trees in China. Compared to other fruit trees, this tree has some unique reproductive features such as a fast flowering time (of approximately 7 days), a short juvenile phase and first-year fruiting ability. Flower bud differentiation and fruiting occur in the same year, and there has been no flower bud dormancy reported for the Chinese jujube. Hence, a genome-wide analysis of the jujube MADS-box gene family may be useful for revealing the unique flowering mechanism of this species at the molecular level.
In this study, we identified 52 MADS-box genes in the jujube genome, analyzed their phylogenetic relationships and gene structures, and predicted their chromosomal localization. Additionally, to study the role of these genes in jujube flower development, we used semi-quantitative RT-PCR and real-time quantitative RT-PCR (qRT-PCR) to determine expression profiles.
Results
Identification and classification of MADS-box genes in the Chinese jujube. After the screening process, a total of 52 non-redundant MADS-box proteins were identified and serially named as ZjMADS1 through ZjMADS52 (Table 1 ). The CDS length of the jujube MADS-box genes ranged from 387 bp to 1053 bp; the encoded proteins ranged from 128 to 350 amino acids (aa) in length (with an average of 235.92 aa), had a predicted molecular mass of 14.60-40. 24 KDa, and protein pIs ranged from 4.34 to 9.91.
Based on the phylogenetic analysis, 24 type I and 28 type II jujube genes were further divided into more detailed subgroups. Twenty-four type I genes were divided into Mα, Mβ, Mγ subgroups ( Fig. 1) and, similar to P. mume, Mα was the group with the most genes. Sixteen out of 24 type I genes were classified into the Mα subgroup, while 5 were classified into the Mβ subgroup and 3 into the Mγ subgroup. Twenty-eight type II genes were further classified into 25 MIKC C -type and 3 MIKC*-type genes (Fig. 2) . The 25 MIKC C -type genes were further divided into 13 clades: FLOWERING LOCUS C (FLC), SHORT VEGETATIVE PHASE (SVP), AGL6, TOMATO MADS-box 8 (TM8), AGL17, AGL15, AGL12, AG, AP3/PI, SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), B-sister (BS/TT16), SEPALLATA (SEP), and APETALA1/FRUITFULL (AP1/FUL), each clade containing 1 to 4 MADS-box genes. In contrast to the P. mume genome, where an extreme expansion of the SVP clade was observed, phylogenetic analysis of the jujube type II genes showed that these genes were evenly distributed among different clades (Fig. 2) .
Gene structure and conserved motif distribution analysis. To better understand the structural diversity of MADS-box genes, we compared various intron/exon arrangements and conserved motifs based on their phylogenetic relationships. We obtained each gene structure by comparing their ORFs with their genomic sequences. As shown in Fig. 3 , closely related genes were generally more structurally similar, differing only in intron and exon lengths. However, some close gene pairs exhibited distinct intron/exon arrangements. For example, ZjMADS31 consisted of 7 exons, whereas its close paralog ZjMADS24 had only 4 exons. In addition, we found that jujube MADS-box genes contained between 1 to 11 exons. The average number of exons in type II genes (7) was considerably greater than the average number of exons of the type I genes (1.12) , which suggests that the type II MADS-box genes may be more complex.
We then used the MEME program to analyze conserved motifs in the MADS-box proteins, which had previously been subjected to SMART annotation. A total of 20 conserved motifs were identified ( Supplementary  Fig. S1 ). The commonly shared motifs tended to be in the same group: for instance, the SVP group included the ZjMADS36, ZjMADS37 and ZjMADS38 genes, all of which contain motifs 1, 2, 6, 7 and 9. Motif 1 was comprised of approximately 60 amino acids and was the most typical MADS-box domain. Motif 2 represented the K domain, which has been described to be the most conserved domain and essential for protein-protein interactions among MADS-box transcriptional factors. The K domain was identified in the majority of type II proteins, with one exception (ZjMADS40). This result is consistent with previous studies that showed that the K-box domain was only found in type II MADS-box genes 18 . However, in our study, we found that one type I gene, ZjMADS51 also contained a K-box domain.
Genomic distribution and duplication of jujube MADS-box genes.
We found that 37 of the 52 ZjMADS-box genes were randomly distributed across all 12 putative chromosomes, while 12 genes were assigned to unanchored scaffolds (Table 1 and Fig. 4 ). Three genes obtained by cloning were not anchored on chromosomes or scaffolds. Fourteen type I genes were mapped to 7 chromosomes, though most of the genes were located on chromosome 1. Twenty-three of the 28 type II genes were mapped to 9 chromosomes, and most of these were distributed on chromosomes 6, 8, 10 and 12. We also found clusters of some genes on chromosome 1, scaffold 1156 and chromosome 10 (ZjMADS14, ZjMADS7 and ZjMADS8; ZjMADS9, ZjMADS10 and ZjMADS11; ZjMADS30 and ZjMADS31, respectively), and then we confirmed that tandem duplications have occurred in these genes. Further analyses should be performed to study the role of these duplications in the expansion of this family.
Expression pattern of the jujube MADS-box genes in different tissues/organs. We investigated the expression patterns of 28 MADS-box genes in seven different tissues/organs ( Fig. 5 ). Twenty-one MADS-box genes were expressed in at least one organ (especially in the flower bud), whereas the other 7 type I genes (ZjMADS1, ZjMADS7, ZjMADS10, ZjMADS11, ZjMADS14, ZjMADS20 and ZjMADS21) were not detected in any of the organs tested. While most type I genes were only expressed in the flower bud, most type II genes were highly expressed in all reproductive tissues. Almost all of the MIKC C genes exhibited the highest expressions in the flower bud and flowers, which further confirms their roles in jujube flower development.
Previous studies had shown that SOC1 and its homologs in Arabidopsis were pivotal genes for flower transition and that SOC1 overexpression could cause an early flowering phenotype 19, 20 . In our study, we found that Scientific RepoRts | 7: 1025 | DOI:10.1038/s41598-017-01159-8 ZjMADS29 (the SOC1 homolog) was highly expressed in the vegetative tissues. A high expression of SOC1 in leaves was also found in Arabidopsis and tree peonies 21, 22 . In addition, we found that ZjMADS38, the SVP homolog, was widely expressed in various vegetative and propagation tissues/organs, which suggests that this gene may play multiple roles in jujube development.
The critical MADS-box genes involved in jujube floral organ development. To further investigate
the role of MADS-box genes in floral organ development, the expression patterns of 8 MIKC C type genes were determined in four whorls (the sepal, petal, stamen and pistil) using a qRT-PCR assay. The expression of these 8 genes exhibited typical temporal and spatial expression patterns consistent with floral development (Fig. 6 ), suggesting a possible role in flower differentiation. The expression of ZjMADS31 (an A-type gene) was notably high in the sepal; the expression of ZjMADS39 and ZjMADS40 (two B-type genes), was high in the petal but low in the pistil; transcripts of two C/D-type genes, ZjMADS32 and ZjMADS46, were highly detected in the pistil and stamen; the expression of ZjMADS30, ZjMADS47 and ZjMADS48 (three E-type genes of the SEP subfamily), was high in the sepal, petal and pistil, indicating their overlapping expression profiles. Phyllody caused by phytoplasma is one of typical symptoms in jujube trees infected by Jujube Witches' Broom (JWB). The petal, stamen and pistil of phyllody in diseased jujube trees are the abnormal development of floral parts into sepal/leaf structures. The expression of ZjMADS31 (A type gene) in flower and phyllody was higher than that in leaf ( Supplementary Fig. S2 ), suggesting it played normal function in phyllody; however the increased expressions of B and C/D genes were observed in flower but not elevated in leaf and phyllody ( Supplementary  Fig. S2 ), indicating their function was nearly completely suppressed in phyllody and causing the abnormal development of petal, stamen and pistil; the expressions of three E-type genes in phyllody were higher than in leaf and lower than in flower ( Supplementary Fig. S2 ), showing their function was partially inhibited in phyllody as compared to flower. The expressions of those genes were in agreement with above expression patterns in four whorls (Fig. 6) . ZjMADS47 is the homolog of Arabidopsis SEP3 (NP_850953.1) in Chinese jujube and they shares 78% identity at the amino acid sequence level. Over-expression of ZjMADS47 in Arabidopsis showed early flowering phenotype when compared with wild-type plants ( Supplementary Fig. S3 ). RT-PCR analysis demonstrated that AtSEP3 expression was up-regulated in transgenic lines. The results further highlighted that these genes were involved in jujube flower development.
Discussions
MADS-box genes have been identified in several species, including Arabidopsis 5 , poplar (Populus trichocarpa) 23 , grape (Vitis vinifera L.) 24 , apple (Malus domestica) 25 and P. mume 26 . In this study, we identified 52 non-redundant ZjMADS-box genes; this number may increase in the future when assembling or annotation problems in the jujube genome are addressed. Except for the tandem duplication, the segmental duplication should also contribute to the expansion of jujube MADS box genes. The difference in the number of MADS-box genes among the above-mentioned species ( Supplementary Table S1 ) might be caused by a recent whole-genome duplication event. During the process of plant genome evolution, one or two whole-genome duplication events have previously been described in different species. According to previous studies, there has been one α and one β duplication event but no recent whole-genome duplication in Chinese jujube and P. mume, whereas two duplication events have occurred in apple. Thus, the number of apple MADS-box genes is greater than that of jujube and P. mume.
The average number of exons in the jujuba type II MADS-box genes was greater than that of the type I genes. Among the type II genes, 27 out of 28 (96.4%) contained more than 4 exons, while most type I genes had only one or two exons. The same phenomenon has also been observed in other species, such as Arabidopsis 5 , apple 25 and P. mume 26 . The exon length distribution analysis also produced a similar pattern ( Supplementary Table S2 ). These observations further highlight the conserved evolution among plants.
In contrast to type II MADS-box genes, information about type I genes is limited. Recent studies in Arabidopsis suggest that type I genes are important for plant reproduction and are required for proper development, especially for determining female gametophyte, and for proper embryo 27 and endosperm development [28] [29] [30] . As in Arabidopsis, most type I genes in jujube were mainly expressed in flower buds or flowers, though the expression of some genes was too weak to detect. Compared to type I genes, most jujube type II genes were expressed in at least three organs, which suggests that these genes may have multiple functions in different organs. We found that gene pairs in the same clade can display similar or distinct expression profiles, which suggests possible functional redundancy or divergence, respectively. For instance, two AP3/PI genes (ZjMADS39 and ZjMADS40) were highly expressed in the petal, implying that both genes may be able to perform B-related functions. In contrast, ZjMADS40 was uniquely expressed in young fruits, whereas ZjMADS39 was not, which indicates that these genes may have functionally diverged.
We believe that the expression profiles of MIKC C type genes that we obtained in our study will be an important tool for elucidating flower development mechanisms in the Chinese jujube. Based on the bioinformatics analyses, the expression of the ABCDE genes in four whorls of jujube flower was very consistent with the predicted expression patterns, which suggests that they may indeed be involved in flower differentiation. As one of perennial woody plants, the genetic transformation system of Chinese jujube was still not established, therefore it is very difficult to perform functional study in jujube. Phyllody as the suitable tissue for studying jujube flower development was applied in this study ( Supplementary Fig. S2 ). The expression pattern of A type gene in phyllody was similar to flower, suggesting A type gene should play the normal function in phyllody. However the low level expression of B, C/D and E type genes in phyllody indicated that their function were remarkable inhibited, causing the abnormal development of petal, stamen and pistil. We demonstrated that over-expressing of ZjMADS47 (homolog with SEP3 in Arabidopsis) caused early flowering in Arabidopsis plants, which is in accordence with the SEP3 function in Arabidopsis and lily 31, 32 . This result was supported the functional conservation of MADS-box genes between jujube and other plants.
In addition, ZjMADS46 is a SHATTERPROOF-like gene that showed high similarity to Prunus persica (85%), Prunus triloba (85%) and Fragaria x ananassa (81%) genes. SHATTERPROOF-like genes have been shown to regulate fruit ripening in Arabidopsis 33 , peach 34 , strawberry 35 , and oil palm 36 . In our study, ZjMADS46 exhibited the highest expression in the pistil (Fig. 6) ; more studies are needed to further investigate the role of ZjMADS46 in jujube fruit development.
In summary, our results have laid the foundation for a thorough functional characterization of the MADS-box gene family in jujube and have hopefully enabled a better understanding of the structure-function relationship between MADS-box gene family members. Additionally, our study provides comprehensive information and novel insights into the evolution and divergence of the MADS-box genes in plants. Finally, studies similar to this may potentially aid in the understanding of the molecular basis of many agriculturally important jujube traits such as flower and fruit development and other physiological processes.
Scientific RepoRts | 7: 1025 | DOI:10.1038/s41598-017-01159-8 Figure 2 . Phylogenetic tree of type II MADS-box genes in Z. jujuba, P. mume and Arabidopsis. The tree was generated using the neighbor-joining method implemented in MEGA 5.1. The FLC subfamily (absent in P. mume) and the TM8 subfamily (absent in Arabidopsis) are shown in frame sets.
Materials and Methods
Plant material. Roots (R), young branches (YB), old branches (OB), leaves (L), flower buds (B), flowers (F) and young fruits (YF) were collected from three jujube trees. Four different floral organs (the sepal, petal, stamen and pistil) were harvested at florescence time (May 29, 2016). The Chinese jujube flowers are very small (approximately 5 mm). Four whorls were quickly separated and frozen in liquid nitrogen in the field. Phyllody is one of typical symptoms in jujube trees infected by JWB disease. Three tissues, i.e. leaf, phyllody and flower, were applied to study the expression of genes related to floral development. Three biological replicates were collected in each treatment. The samples were stored at −80 °C for RNA extraction and expression analysis. 
Identification of MADS-box genes. To identify MADS-box genes in the jujube genome, previously
identified Arabidopsis MADS-box sequences were submitted to the Pfam database (http://pfam.sanger.ac.uk) 37 to obtain the domain architecture of this family. The hidden Markov model (HMM) profiles of the SFR (type I) domain (PF00319) and the Myocyte Enhancer Factor-2 MEF2 (type II) domain (PF09047) were retrieved from Pfam 38 . MADS-box genes were then identified in the jujube genome database 39 using the hidden Markov model (HMM) profile corresponding to the Pfam MADS-box family PF00319 and PF09047 domains, using the HMMER version 3.0 software 40 . Finally, we further verified these sequences using the SMART tool (http://smart. embl-heidelberg.de/) 41 were also included in this study. The online tool ProtParam (http://web.expasy.org/protparam/) was employed to predict the molecular weight and isoelectric point (pI) of each protein.
Phylogenetic analysis.
The Arabidopsis thaliana MADS proteins were retrieved from the TAIR database (http://www.arabidopsis.org/) based on a previous report 5 . The Prunus mume genome sequences were downloaded from the P. mume genome project website (http://prunusmumegenome.bjfu.edu.cn/), and the dataset of the predicted P. mume MADS proteins was retrieved from previous analyses 26 . Following the convention established for P. mume and Arabidopsis MADS proteins, the jujube MADS proteins were classified into different groups. Multiple sequence alignments were performed using Clustal X2.0 with default parameters 42 . A phylogenetic tree was then constructed using the neighbor-joining method, and bootstrap values were calculated with 1,000 replications using MEGA5.1 43 .
Conserved motif and gene structure analysis. To identify the conserved motifs in the Chinese jujube full-length MADS proteins, the Multiple Expectation-maximization for Motif Elicitation (MEME) program version 4.9.0 44 was used with mostly default parameters, except for the following: (1) the optimum motif width was set to ≥6 and ≤60 and (2) the maximum number of motifs was set to 20. The MEME motifs were then annotated using the SMART program (http://smart.embl-heidelberg.de) and the Pfam database.
The coding domain sequences (CDS) and DNA sequences of the MADS-box genes were used to predict gene structure using the online tool GSDS 45 (http://gsds.cbi.pku.edu.cn), which allowed us to infer both exon position and gene length. Then, exon lengths of the jujube MIKC C genes were estimated and compared with those of Arabidopsis and apple genes.
Chromosomal location and gene duplication.
To determine the chromosomal location of the MADS-box genes, the MADS-box gene sequences were further used as query sequences in BLASTN searches against the jujube genome sequence. Each MADS-box gene was thus mapped to the jujube genome according to their coordinates on the genome. Tandem duplications were identified according to previously described methods 46 .
RNA isolation and expression analysis. Total RNA was isolated from 100 mg of frozen tissue using an RNA kit (RNAprep Pure Plant Kit, Tiangen, Beijing, China) according to the manufacturer's instructions. First-strand cDNA was synthesized from 2 μg of RNA using the TIANScript First Strand cDNA Synthesis Kit (Tiangen, Beijing, China) according to manufacturer's instructions. The resulting cDNA was then diluted nine-fold and stored at −20 °C for the subsequent semi-quantitative RT-PCR and qRT-PCR assays.
For gene expression quantification, specific primers were designed for each MADS-box gene using the Primer Premier 5.0 software and expression patterns were assayed by semi-quantitative RT-PCR. PCR reactions were performed using the following program: initial denaturation at 95 °C for 3 min; 30 cycles at 95 °C for 15 s, 55 °C for 15 s, and 72 °C for 30 s, and a final extension cycle at 72 °C for 10 min. ZjACT was used as reference gene 45 . RT-PCR products were then sequenced to ensure that they were derived from the desired target genes. Primer details primers are listed in the Supplementary Table S3 .
The expression of 8 MADS-box genes in different floral organs was examined using qRT-PCR. Total RNA was extracted from the sepal, petal, stamen and pistil. qRT-PCR was performed using the Bio-Rad iQ5 detection system. Reactions were performed in a 20 μL volume containing 1 μL of cDNA, 400 nM of each primer and 10 μL of SYBR Green mix, according to the TransStart Top Green qPCR SuperMix instructions. The reactions were performed under the following conditions: 94 °C for 30 s, and 40 cycles of 94 °C for 5 s, 55 °C for 15 s and 72 °C for 15 s. The specificity of the amplicon for each primer pair was verified by melting curve analysis. All the experiments were performed in three biological replicates, and each replicate was measured in triplicate. The relative expression levels were calculated using the 2 −ΔCt method and with ZjACT as the reference gene 47 .
